Abstract-We propose a crystal-free radio receiver exploiting a free-running oscillator as a local oscillator (LO) while simultaneously satisfying the 1% packet error rate ( 
I. INTRODUCTION

E
CONOMIES of scale require the millimeter-scale wireless sensing systems that form the foundation of the Internet of Things (IoT) to be low-cost and energy autonomous. This vision is driving complete system integration on a single piece of silicon to improve the system energy efficiency for continuous operation on harvested energy and to reduce cost.
Almost all commercial microsystems today rely on off-chip quartz technology for precise timing and frequency reference. The quartz crystal (XTAL) is a bulky off-chip component that O. Khan puts a size limitation on miniaturization and adds to the bill of material cost of a sensor node. Alternatively, MEMS technology is showing promising results for replacing the XTAL in commercial products in space-constrained applications [1] , [2] . However, it is still an off-chip frequency reference and the packaging adds to the cost of a sensor node. Attempts have been made to generate a precise on-chip frequency reference using calibration techniques [3] , [4] . But the achieved accuracy is still insufficient to satisfy stringent wireless standards specification for low-power radios, e.g., BLE/IEEE 802.15.4. In contrast, we have presented a network level solution that allows a crystalfree sensor node to derive an accurate time and frequency reference in the absence of an off-chip frequency reference (XTAL) [5] . In this brief, we specifically address the impact of phase noise (PN) on the communication system performance of a crystal-free radio.
In a traditional radio architecture the RF oscillator (LC/ring) is locked in a phase locked loop (PLL) to a stable crystal frequency reference (XO) to improve the close-to-carrier PN which determines the long-term frequency drift of an oscillator (excluding environmental and aging effects) as shown conceptually in Fig. 1 . In the absence of a stable XO, the free-running RF oscillator is tuned to operate at the desired RF channel frequency using a network calibrated on-chip frequency reference (see Fig. 2 ). Then the error in the desired RF channel frequency will be determined by the accuracy of the on-chip frequency reference [5] . The noisy local oscillator (LO) in the architecture proposed in Fig. 2 is operating open-loop as a frequency calibrated free-running RF oscillator and therefore the 1549-c 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. impact of its PN on the communication system performance needs to be carefully evaluated.
To accurately model a free-running oscillator, one has to model the power law noise that is nonstationary and difficult to analyze analytically [6] . In this brief, we resort to numerical simulation and present a discrete-time simulation model for the power law noise that accurately captures the close-in PN of a free-running oscillator. This model is then used to quantify its impact on the communication system performance of an IEEE 802.15.4 standard compliant radio receiver. An effort is made to provide a summary of the relevant equations and a discrete-time simulation model is presented that is crossvalidated with foundry computer-aided design models of an RF oscillator.
II. POWER LAW NOISE Consider a sinusoidal oscillator signal v(t) with a nominal oscillation frequency f o Hz
where A is the mean amplitude, a(t) is the zero-mean amplitude modulation (AM) noise and φ(t) contains all phase and frequency errors from the nominal oscillation frequency f o and phase 2π f o t. Phase disturbance φ(t) includes random zeromean phase modulation noise, initial phase and integrated effects of frequency offset and drift [6] . Oscillators contain an amplitude control mechanism that suppresses AM noise and it is therefore usually neglected. PN φ(t) is characterized in the frequency domain. The random PN φ(t) spreads the spectrum of an ideal sinusoid in the frequency domain which otherwise is a Dirac-delta function. It is important to distinguish between a pass-band spectrum P RF ( f ) of an oscillator which is a Fourier transform of v(t) from the baseband noise spectrum which is a Fourier transform of the autocorrelation of φ(t) and is known as phase spectral density S phi ( f ) with units rad 2 /Hz. The phase spectral density S phi ( f ) is a frequency domain measure of PN. Empirical measurements have shown that the S phi ( f ) can be well approximated by [6] 
where the h x are coefficients that are oscillator specific and the power x models a particular noise process. There are five distinct noise processes, which are called the power-law noise processes. A particular oscillator may not contain all of the five noise processes. On a log-log plot each noise process has Fig. 3 . Phase spectral density plot for power law noise [7] .
a unique slope as shown in Fig. 3 [7] . The y-axis unit on a log scale is decibel relative to 1 rad 2 /Hz [6] . The fractional frequency deviation y(t) of an oscillator is defined as [8] 
The spectral density S y ( f ) of fractional frequency deviation y(t) is related to the phase spectral density S phi ( f ) as
The S phi ( f ) or S y ( f ) characterizes the power law noise in the frequency domain. In the time-domain, due to the nonstationary nature of the power law noise, several statistical measures have been defined to estimate the frequency stability of an oscillator. One widely used measure to estimate frequency stability is the Allan variance defined as [7] , [9] 
whereȳ k are the M average fractional frequency measurements with zero dead-time and τ is the frequency measurement time interval [7] . The measurement interval τ over which the frequency is averaged acts as a low-pass transfer function while the differencing operation between two successive fractional frequency measurements acts as a high-pass transfer function in the frequency domain [10] . Therefore the transfer function that relates the time-domain Allan variance with frequency-domain PN spectral density measurement S phi ( f ) has a band-pass characteristic and is given by [8] 
The lower limit of integration f l is approximated by the reciprocal of the total measurement time of interest while the upper limit of integration f h is determined by the bandwidth of the oscillator circuit or the PN measurement instrument, which ever is smaller [6] , [10] . Equation (6) is the link between the PN and the short-term frequency stability of an oscillator as measured by the Allan variance.
The on-chip (LC/ring) oscillators mainly exhibit the flicker and white frequency noise, therefore we will discuss a discrete time model for simulating these two noise types specifically. However, the model is general and able to simulate all of the five power law noise processes.
A. Discrete Time Model of White Frequency Noise
The white frequency (1/f 2 ) noise process is modeled as an integral of white noise that is a Wiener random process also known as Brownian motion. The discrete PN simulation (n) of continuous time PN process φ(t) modeling white frequency noise is given by [11] , [12] 
where c is the constant that determines the rate at which the variance of an oscillator increases with time due to the white frequency noise [13] , t is the simulation time-step, and w n is the independent standard Gaussian random variable.
B. Discrete Time Model of Flicker of Frequency Noise
To correctly model the flicker of frequency noise (1/f 3 ) or any colored noise, the generated noise sequence must satisfy the autocorrelation properties, causality, scale-invariance, have the proper Allan variance and the desired spectral density slope [14] . One such model was first proposed by Hosking [15] using fractional calculus and later utilized to generate the proper nonstationary noise sequences [14] . The discrete PN simulation (n) of continuous time PN process φ(t) modeling flicker of frequency noise is given by [12] , [14] 
where c F is the constant that determines the rate at which the variance of an oscillator increases with time due to the flicker of frequency noise and h k is the impulse response that convolves the independent standard Gaussian random variable w n . The impulse response is defined recursively as [14] h 0 = 1
where β = −x, e.g., β = −3 for flicker of frequency noise (1/f 3 ).
C. Discrete Time Simulation of Free-Running Oscillator
The RF spectrum P RF ( f ) of an oscillator in the presence of PN is characterized with one-sided RF spectral density
where L( f ) is the noise power at an offset frequency of f from the carrier frequency of f o in a 1 Hz bandwidth relative to the total power in the signal P Tot . It is commonly expressed in decibel format as 10log 10 [L( f )] dBc/Hz, where dBc means relative to the total power in the signal [6] . It is to be noted that φ(t) is in general a nonstationary random process as a result of which the theoretical spectrum of an oscillator signal v(t) is not defined. Additionally a theoretical spectrum is an ensemble property of a random process and can never be observed. Only sample functions of the random process are observable. A spectrum analyzer measures an approximation to an oscillator signal's theoretical spectrum [6] . The shape of the RF spectrum in the presence of white frequency noise only is given by a Lorentzian function [13] . However, in the presence of both white frequency and flicker of frequency noise, the shape of the RF spectrum is defined by a Voigt profile approximated by the convolution of a Gaussian and Lorentzian function [16] .
SPICE simulation is used to estimate the constants for a 2.4-GHz 75-μW ring oscillator (c = 0.5 fs, c F = 50 ps) and a 2.4-GHz 240-μW LC oscillator (c = 1.35 as, c F = 0.2 fs), both designed in a 65 nm CMOS process excluding power supply noise and layout parasitics. A white-noise-only (i.e., no flicker noise) SPICE simulation is setup to calculate the spot RF spectral density for estimating c from a Lorentzian function which for small c and f is given by [13] 
A white and flicker noise SPICE simulation is setup to calculate the RF spectral density and the constant c F is estimated through empirical curve fitting in MATLAB. Equations (7)- (9) are used to model the free-running oscillator PN in discrete time and the resulting spectrum is shown in Fig. 4 along with the RF spectrum obtained from analog fast SPICE PN simulation using the foundry models. The simulated discrete time PN accurately captures the free-running oscillator behavior. The MATLAB source code to model the White and Flicker of frequency noise of a free running oscillator is hosted on a repository [17] . 
III. COMMUNICATION SYSTEM PERFORMANCE
The LO PN impacts communication system performance through: 1) additive noise; 2) spectral spreading; 3) coherence loss; and 4) reciprocal mixing [18] . When the desired RF channel is mixed with a noisy LO, the PN appears as noise added to the desired signal, which decreases the signal-to-noise ratio (SNR). Spectral spreading refers to when PN spreads the signal energy of a modulated signal in the frequency domain resulting in decreased SNR due to a loss of signal energy. The coherence loss is associated with coherent receivers that use the noisy LO in a PLL to estimate the phase of the incoming carrier signal. The resulting carrier phase estimate accuracy is limited due to the LO PN and is categorized as loss in performance due to coherence error. Finally, the noisy LO skirts in the frequency domain due to PN mix with unwanted interferers and cause the mixing terms to fall in-band that degrades the system SNR, which is referred to as reciprocal mixing.
We evaluate the impact of PN on the performance of an incoherent receiver for the additive noise and spectral spreading loss. The coherence loss is not applicable and the reciprocal mixing, which specifies the blocking performance of a receiver, is not considered in this brief.
The IEEE 802.15.4 standard uses OQPSK modulation with half-sine pulse shaping (HSS) in the 2.4-GHz ISM band. The OQPSK-HSS is equivalent to minimum shift keying (MSK) modulation and can thus be demodulated in the same manner as MSK [19] . Fig. 5 shows the block diagram of the optimal incoherent MSK envelope detector used for demodulation [20] .
A discrete time simulation model of Fig. 2 was developed in MATLAB using a free running LC/ring oscillator as an LO for down-conversion to the intermediate frequency (IF) . An ideal 1-bit ADC is used to quantize the signal and square wave templates are used instead of sinusoidal templates for the incoherent matched filter (MF). This choice results in a simplified hardware implementation at the expense of slightly reduced performance.
The IEEE 802.15.4 standard uses direct sequence spread spectrum coding to mitigate RF channel impairments. The chip error rate (Pce) using the matched filter of Fig. 5 is plotted in Fig. 6 . The horizontal line specifies the required chip error rate (6.5%) to meet the 1% packet error rate (PER) standard specification [21] . Since the MSK tone spacing is half of the data rate, the two MSK tones are correlated (nonorthogonal) for incoherent detection [19] . The simulated chip error probability (Pce) is compared with the theoretical performance of the incoherent correlated MSK. The correlation coefficient ρ is computed empirically to be 0.3. The probability of chip error is given by [19] 
where E c is the energy per chip, N o is the one-sided noise spectral density, Q 1 (a, b) is the Marcum Q function, and I o (x) is the modified Bessel function of order zero. The simulated Pce levels-off at high SNR to about 3.4% chip error rate due to the ring LO PN and to about 0.6% for the LC LO PN, which limits the equivalent SNR to about ∼8 and ∼10 dB, respectively.
IV. DISCUSSION
It is shown that a frequency-calibrated free-running oscillator used as an LO can meet the IEEE 802.15.4 1% PER requirement in an AWGN channel. For the simulated PN profile of a 2.4-GHz 75-μW ring oscillator, this corresponds to a noise figure (NF) specification of less than 17 dB for the incoherent receiver (1-bit ADC with square templates for the MF). To the authors' best knowledge, this is the first paper clearly specifying the NF requirement of a radio receiver exploiting a free-running LO. The noise performance of an RF front-end and the PN of an oscillator both trade with power. The RF sensitivity of −85 dBm (NF of less than 17 dB) can be achieved with a lownoise amplifier consuming about 100 μW and 1-2 mW should improve the sensitivity to −95 dBm (NF less than 7 dB), which is comparable to many commercial products, and with about 10 mW and NF = 1 dB, the sensitivity of a crystal-free receiver could be pushed to −101 dBm [22] .
Contrary to conventional wisdom, the close-to-carrier PN of a frequency-calibrated free-running LO does not actually affect the best-case sensitivity of a well-designed receiver by more than a few decibels. Accurately quantifying the impact of a given oscillator's PN profile on the wireless communication system performance allows an RF designer to optimize the power of an oscillator as well as for the radio front-end. This results in significant power savings by avoiding excessive design margins for energy autonomous millimeter-scale microsystems.
